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LETTER OF SUBMITTAL

To THE CONGRESS OF THE UNITED STATES:

Pursuant to the act of March 3, 1915, which established the National Advisory Committee for Aeronautics,
I submit herewith the Nineteenth Annual Report of that Committee for the fiscal year ended June 30, 1933.

The attention of the Congress is invited to the opening pages of the Committee’s report giving the major
reasons for the recent improvements in the speed and efficiency of airplanes for military and civil uses. The
principal underlying cause of this remarkable progress has been the efficient functioning of the National Advisory
Committee for Aeronautics in coordinating and planning for the research needs of aviation, civil and military,
and in conducting the necessary fundamental scientific researches to serve the needs of all agencies.

I concur in the Committee’s opinion that the continuous prosecution of fundamental research in aero-
nautics is essential to the national defense and to the future of air transportation upon a sound economic basis.

FrankrLin D. RoosevELT.
Tae WaHiTE HoOUSE,
January 12, 1934.
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LETTER OF TRANSMITTAL

NATIOoNAL ADVisOrRY COMMITTEE FOR AERONAUTICS,
Washington, D.C., December 15, 1933.
MR. PRESIDENT:

In compliance with the provisions of the act of Congress approved March 3, 1915 (U.S.C,, title 50, sec. 153),
I have the honor to transmit herewith the Nineteenth Annual Report of the National Advisory Committee for
Aeronautics for the fiscal year ended June 30, 1933.

The past year has to an unprecedented degree witnessed the application by the Army, the Navy, and the
aircraft industry of the cumulative results of years of fundamental research conducted by this Committee to meet
the needs of military and civil aviation. It saw greater improvement in the speed of aircraft and in economy of
operation than has been made in any single year since the war.

Higher speeds have introduced new problems into a heavily crowded program of investigations. The Com-
mittee 1s energetically prosecuting a comprehensive research program to serve all needs, and is confident that
continued support of its work will continue to yield results of immeasurable military value and of economic value
greatly in excess of its annual appropriations. The independent status of the Committee has been the most
vital factor in its success and is essential to its continued efficient functioning.

Respectfully submitted.

Josera S. AmEes, Chairman.

THE PRESIDENT,

The White House, Washington, D.C.
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NINETEENTH ANNUAL REPORT

OF THE

NATIONAL ADVISORY COMMITTEE FOR
AERONAUTICS

WasHINGTON, D.C., November 14, 1933.

To the Congress of the United States:

In accordance with the act of Congress approved
March 3, 1915, which established the National Ad-
visory Committee for Aeronautics, the Committee
submits herewith its nineteenth annual report for the
fiscal year 1933.

Continued progress.—It is gratifying to the Com-
mittee to report that the past year was notable as
witnessing the greatest advance in airplane perform-
ance and efficiency accomplished in any single year
since the Great War. ' This is largely the cumulative
result of years of organized scientific research con-
ducted by this Committee and of the practical applica-
tion of the results by the Army, the Navy, and the
aircraft industry.

Result of sound governmental policy.—In the opinion
of the Committee aeronautical development in the
United States is certainly abreast, and, in certain par-
ticulars, in advance of the development in any other
country. This is the result of long-continued sound
governmental policy in supporting fundamental aero-
nautical research. It began with legislation 18 years
ago which established the National Advisory Commit-
tee for Aeronautics as an independent Government
establishment ‘““to supervise and direct the scientific
study of the problems of flight,”” and has been con-
tinued through generous appropriations to this Com-
mittee. Thus one central governmental organization,
with the active cooperation of the War, Navy, and
Commerce Departments and of the aircraft industry,
supplies the research needs of aviation. By this policy
of coordination, results of greatest value to aeronau-
tics are obtained with prevention of duplication and
waste. Supplementing this policy, there is effective
application of the results of the Committee’s researches
in the experimental and development laboratories of
the Army and Navy.

Comprehensive researches serve all needs.—
The research programs of the Committee are formu-
lated largely by the various technical subcommittees
whose membership embraces all governmental agencies
concerned. A large part of the Committee’s research
programs consists of specific requests of the Army and

Navy air organizations. The latter depend upon the
Committee for the scientific study and investigation of
fundamental problems necessary for the improved de-
sign of military and naval aircraft. Aircraft manufac-
turers and operators also rely upon the Committee for
fundamental data, and the Committee broadens its
military and naval researches to obtain as much funda-
mental information as possible in order to meet the
needs of civil and commercial aviation. In this the
Committee is assisted by the cooperation of the Aero-
nautics Branch of the Department of Commerce and
by an annual conference with represetatives of the
aircraft industry, held at the research laboratories at
Langley Field, Va.

Facilities for fundamental research.—The Commit-
tee has recognized its responsibility in shaping the prog-
ress of aeronautics and, with the far-sighted support
of the Comgress, has anticipated the research needs of
aviation and developed at Langley Field, Va., the best-
equipped aeronautical research laboratory in the world.
This one central laboratory is known as the Langley
Memorial Aeronautical Laboratory and is operated
under the single and direct control of the Committee.
The fundamental researches approved by the Com-
mittee are conducted at that laboratory, where there
are combined under ideal conditions facilities for labo-
ratory investigations and for researches on airplanes
in flight. Much of the equipment there is original and
ingenious and permits investigations that give results
not obtainable in any other country. The develop-
ment of this laboratory represents in itself an accom-
plishment in which the Congress and the country
may take pride, for the excellence of its product has
gained for the United States an advantageous position
among the progressive nations in the development of
aeronautics.

Results of research.—Speed is still the most impor-
tant single factor in increasing the relative importance
of aircraft for national defense and in extending their
use for commercial purposes. Primarily as a direct
result of the Committee’s researches there have been
great increases in speed and efficiency during the past
year, which have opened a new era in the development
of both military and commercial aircraft. The in-
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2 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

crease in the speed of multiengine airplanes, military
and commercial, from 1932 to 1933 has approximated
40 to 60 percent with practically the same engine
power. This development is one of the outstanding
contributions of the Committee, the major factors
being:

(1) The National Advisory Committee for Aero-
nautics engine location and cowling. (The results of
the cowling research were published in 1928. The
results of the engine location research were issued
confidentially to the Army, Navy, and industry in
1930, and were kept confidential until 1932, when the
first American airplanes embodying the principles
had been designed and actually constructed.)

(2) The development by the Army, the Navy, and
the industry of reliable retractable landing gears.

(3) Increased horsepower with same size and weight
of engines, involving increased revolutions per minute,
higher compression ratio, improved fuels, and im-
proved cylinder cooling.

(4) The development by the Army, the Navy, and
the industry of satisfactory controllable-pitch pro-
pellers.

(5) The development by the Committee of new and
more efficient wing sections.

(6) Improved streamlining and use of wing flaps,
assisted by the Committee’s researches.

A great increase in the high speed of an airplane
would ordinarily be accompanied by a dangerous
increase in its landing speed. This presented a
problem of devising means of increasing the lift and
drag of the wing to permit landing at a lower speed,
without attendant loss of control. Increased safety
in the operation of aircraft will result primarily from
reduction in landing speeds with retention of adequate
control. Toward this end the Committee has con-
ducted researches on a number of high-lift devices,
some of which are now in use. Others under investi-
gation hold promise of further progress in retaining
adequate control at lower landing speeds.

Research pays.—It is essential to national defense
and to American air commerce that the United States

strive to keep abreast or ahead of other nations in the
technical development of both military and commer-
cial aviation. The researches of the Committee lead
to material improvement in the performance, efficiency,
and safety of aircraft. No money estimate can be
placed on the value of superior performance of air-
craft in warfare, for aerial supremacy is quite likely
to be ultimately decisive of a war; nor can a money
estimate be placed on the indeterminable savings in
life and property due to improved safety in the opera-
tion of both military and civil aircraft. The value in
dollars and cents of improved efficiency in aircraft
resulting from the Committee’s work can, however,
be fairly estimated. For example, the results of six
researches completed by the Committee within the
last few years, when applied to airplanes equal in
number to those in use during 1932, show that savings
in money alone will be made possible in excess annually
of the total appropriations for the Committee since
its establishment in 1915.

In the opinion of the Committee the continued
development of aviation is vital to our national
security and defense. Aviation is also becoming an
increasingly important factor as an agency of trans-
portation. Its continued development holds possi-
bilities for the growth of a large industry, creating
new sources of wealth, new fields of employment, and
new outlets for the energies of the American people.
The Committee is of the opinion that the most essen-
tial fundamental activity of the Government in aero-
nautics is the continuous prosecution of well-organized
and coordinated scientific research. Continuous fun-
damental research is absolutely vital in the last analy-
sis, as it underlies the effectiveness of the air arms of
the national defense, the stability of the aircraft
industry, and the prospect of ultimate success of air
transportation upon a sound economic basis. The
Committee accordingly recommends continuation of
its work in the fields of pure and applied research on
the fundamental problems of flight.



PART 1
REPORTS OF TECHNICAL COMMITTEES

In order to carry out effectively its principal func-
tion of the supervision, conduct, and coordination of
the scientific study of the problems of aeronautics, the
National Advisory Committee for Aeronautics has
established under the executive committee four main
technical committees—the committees on aerodynam-
ics, power plants for aircraft, materials for aircraft, and
problems of air navigation—and under these commit-
tees, eight subcommittees. These technical committees
prepare and recommend to the executive committee
programs of research to be conducted in their respective
fields, and as a result of the nature of their organiza-
tion, which includes representation of the various
agencies concerned with aeronautics, they act as coor-
dinating agencies, providing effectively for the inter-
change of information and ideas and the prevention of
duplication. The membership of these committees
and subcommittees is listed in part II.

The committees on aerodynamics and power plants
for aircraft have direct control of the aerodynamic
and aircraft-engine research, respectively, conducted
at the Committee’s laboratory at Langley Field, and
of special investigations conducted at the Bureau of
Standards. The greater part of the research under
the supervision of the committee on materials for air-
craft is conducted by the Bureau of Standards. The
experimental investigations in aerodynamics, aircraft
power plants, aircraft materials, and air-navigation
problems undertaken by the Bureau of Aeronautics of
the Navy, the Army Air Corps, the Bureau of Stand-
ards, and other Government agencies are reported to
these four committees.

REPORT OF COMMITTEE ON AERODYNAMICS
SUBCOMMITTEE ON AIRSHIPS

In order that the committee on aerodynamics may
be kept in close touch with the latest developments in
the field of airship design and construction and that
research on lighter-than-air craft may be fostered and
encouraged, a subcommittee on airships has been
organized under the committee on aerodynamics.

The subcommittee has kept in close touch with the
airship investigations under way at the Langley Memo-
rial Aeronautical Laboratory. The program of airship
work at the laboratory includes the study in the full-
scale wind tunnel of the forces on a large airship model
at large angles of pitch and of yaw. In cooperation
with the Bureau of Aeronautics of the Navy, the Com-
mittee has also obtained information on the speed and
deceleration on the full-size airship Macon.

21197—34——2

LANGLEY MEMORIAL AERONAUTICAL LABORATORY

Lanping SpeeEp AND SPEED RAaNGE.—The speed of
both military and commercial airplanes has increased
very markedly during the past year. This increase
in speed has been accomplished partly through an
increase of engine power, but mainly through the re-
duction of drag. The low drag, while advantageous
in obtaining high speed, is disadvantageous in that it
limits the gliding angle which can be obtained at low
speed, and makes necessary a very long flat approach
to a landing. The higher maximum speeds have also
been accompanied by a tendency to use heavier wing
loadings, and the landing speeds have increased to
what seems to be the practical limit. Under these
adverse landing conditions, devices for increasing the
maximum lift coefficient and also the drag at the high
angles of attack have been of great interest.

Flap modifications.—The committee’s work on split
flaps has been continued during the past year. These
flaps have now been used on several airplanes, either
in the simple form or in the Alfaro-Zap form, in which
the flap is moved to the rear as well as deflected down-
ward. In response to the demand for more detailed
information in regard to their aerodynamic effect and
in regard to the air loads on the flaps, further tests have
been made in the 7- by 10-foot wind tunnel. The air
loads on the flaps have been measured for the purpose
of supplying information on which to compute the
structural strength needed and the forces required to
deflect them (report in preparation). The results of
these tests showed that the division of the total lift
between the split flaps and the wing was little affected
by flap deflection in the ordinary flight range, although
the division of the total drag was greatly affected by
flap deflection. The normal-force coefficient was also
greatly affected by flap deflection, the coefficient for
the flap alone reaching a value of approximately
1.40 at the angle of attack and flap deflection for
maximum lift.

Another investigation was made in the 7- by 10-foot
tunnel to determine the effect on the aerodynamic
characteristics of partial-span split flaps located at
various positions along the wing span (Technical
Note No. 472). The results showed that as the flap is
cut away from the tip, the loss in lift is small at first,
but becomes substantial if sufficient flap is removed to
allow room for ordinary ailerons. If the flap is cut
away from the center, the loss starts more rapidly,
being in the neighborhood of 8 or 10 percent for the
cut-out usually found necessary for structural reasons.

3



4 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Full-scale tests with simple split flaps have been
made with a parasol monoplane both in the full-scale
tunnel and in flight, with flaps 20 percent of the wing
chord in width extending over the outer 90 percent of
the wing span. The full-scale lift, drag, and pitching-
moment coefficients for the airplane were found in the
full-scale tunnel both with the horizontal tail surfaces
in place and with them removed (Technical Note
No. 475).
1.47 to 2.09 by deflecting the flap, the stalling angle
being the same in both cases. These results agree
well with the model results obtained in the 7- by 10-foot
tunnel with regard to the effect of the flap. The
computed landing speed of the airplane was reduced
from 51 miles per hour to 41.9 miles per hour by the
use of the flaps.

The flight tests, the model tests in the 7- by 10-foot
tunnel, and the full-scale wind-tunnel tests all showed
that the control force required to displace a simple
split flap is undesirably great. A series of wind-tunnel
tests is now in progress to study the effectiveness of
various methods of reducing the hinge moments of
these flaps.

A year ago the highest lift coefficient obtained by
the Committee with any kind of flap device was 3.17,
obtained with the Fowler flap. During the past year
attempts have been made to obtain still higher lift
coefficients. First, a slot was added to the leading
edge of the Fowler-type wing, but only a slight increase
in lift coefficient resulted. A special slot having a slat
of good airfoil section was then developed and this in
its best location gave a maximum lift coefficient with
the Fowler-type flap of 3.62 (Technical Note No. 459).
Then still another slot was added, a fixed slot near
the trailing edge of the basic wing, which gave a slight
additional increase to 3.76, a total increase of about
200 percent above the value for the wing with all
devices retracted. The investigation of the plain
Fowler-type flap is being continued in the 7 by 10 foot
wind tunnel to find the relative characteristics with
Fowler flaps of various sizes and to determine the
loadings on the flaps.

Wind-tunnel tests have also been made with a flap
consisting of an auxiliary airfoil pivoted at the rear of
the main wing as proposed by Wragg. The auxiliary
airfoil is located so that a slot is formed between the
two wings in a manner somewhat similar to that of
the Fowler-type flap, but the auxiliary is not retracted
into the main wing. This arrangement with a 15 per-
cent auxiliary airfoil gave a maximum lift about the
same as that obtained with a simple split flap.

Fized auxiliary airfoils.—Last year a fixed auxiliary
airfoil had been developed which gave an increased
lift coefficient and an increased speed range, and which
was thought advantageous particularly because it had
no moving parts (Technical Report No. 428). Flight
tests were made with the auxiliary airfoil mounted on

The value of (., was increased from |

a small parasol monoplane (Technical Note No. 440).
At that time the investigation had included only one
size of auxiliary airfoil and only one auxiliary airfoil
section. The results seemed sufficiently promising to
make it worth while to test auxiliary airfoils of other
sizes and airfoil sections, and several sizes with three
different sections have now been tested in a sufficient
number of positions with respect to the main wing to
determine the best arrangement (Technical Report
No. 472). None of these has been found to be de-
finitely superior in all respects to the original, although
a decidedly lower minimum drag was obtained with
a symmetrical section. The highest values of the
maximum lift coefficients and the speed range criterion,
Ct..0s/Cp,iny Were obtained with auxiliary airfoils with
chords 11 to 15 percent of the main wing chord,
although those as small as 7.5 percent of the main
wing chord gave nearly the same values as the larger
sizes.

Tailless airplanes.—Wind-tunnel tests were made of
a model wing having an aspect ratio of 3 and a tapered
plan form with a straight trailing edge (Technical
Note No. 463). The Clark Y airfoil section was used
throughout the entire span, with no washout. A
constant-chord trailing-edge flap was used for longi-
tudinal balance and control moments. The simple
wing with no washout or change of basic section along
the span had aerodynamic characteristics well suited
for use on tailless airplanes. A higher lift coefficient
was obtained with the full-span flap deflected as a
unit to give longitudinal balance than with either the
inner or outer portions of the flap deflected separately.
Further tests are being made with the same basic
model having a fixed auxiliary airfoil mounted ahead
of the leading edge for the purpose of increasing the
maximum lift coefficient and improving the balance
characteristics.

ConTroLLABILITY.—The Committee’s work on lat-
eral control has been continued during the past year
along two main lines. First, the search has been con-
tinued for a lateral-control device that is completely
satisfactory throughout the entire speed range, includ-
ing angles of attack above the stall. More recently
the work has been concentrated on lateral-control de-
vices suitable for wings equipped with flaps or other
high-lift devices along their entire spans. During the
past year some of the control devices that the wind-
tunnel investigation showed to be promising have been
tried on an airplane in flight, with the result that con-
siderable information has been obtained about the
characteristics to be desired in a good lateral-control
device, but it was found that each of the single lateral-
control devices when tested in flight had at least one
undesirable feature. One interesting point brought
out by the flight and wind-tunnel tests was that the
yawing effect of the ailerons as observed by the pilots
corresponded to the yawing moments as measured
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about wind axes, and not about body axes as had
previously been thought. The flight tests also brought
out the fact that the yawing moments caused by the
ailerons are relatively unimportant in cruising and in
high-speed flight, but are of critical importance at the
angles of attack near and above the stall.

Conwventional ailerons.—The investigation in the 7- by
10-foot wind tunnel has been extended to include con-
ventional ailerons of various shapes and sizes, with dif-
ferential movements and with balance arrangements,
on wings of various plan forms (Technical Reports Nos.
419, 422, 423, and 444, and Technical Notes Nos. 445,
449, and 451). In all the tests the ailerons of wide-
chord and short-span dimensions gave reasonably high
values of rolling moment at the high angles of attack
definitely above the stall, whereas the narrower aile-
rons gave substantially lower values above the stall.
It therefore seemed that the short wide ailerons might
give at least fair control at angles of attack above the
stall. The wind-tunnel tests showed, however, that
while some conventional aileron arrangements had
positive yawing moments with respect to the body
axes, all gave adverse yawing moments with respect
to the wind axes at high angles of attack, regardless
of the differential motion, or of such balancing arrange-
ments as the Frise type. When tested in flight none
of the conventional ailerons, whether of long narrow
or of short wide form, regardless of the differential
motion used, gave control above the stall. From
these results it seems that with conventional ailerons
the secondary features, the adverse yawing moments,
and the aggravation of the stall by the down-going
aileron over its portion of the wing, become more
important at high angles of attack than the direct
rolling moment given by the ailerons.

Wind-tunnel tests have been made with conventional
ailerons on a slotted wing (Technical Note No. 443),
and flight tests have been made on the lateral-control
characteristics of a low-wing monoplane equipped with
both slots and flaps, the flaps being confined to the
inner portion of the span to allow room for conven-
tional slotted ailerons (Technical Note No. 478). The
results of these tests showed that the rolling-moment
coefficients obtained were about the same regardless
of whether the slots were open or closed, or whether
the flaps were up or down, all of which is in accordance
with the results of the wind-tunnel tests. In fact, the
rolling moments measured in flight agreed very well
with the rolling moments measured on similar ailerons
under static conditions in the wind tunnel when the
rolling action of the airplane was taken into account in
the computations.

If conventional ailerons are used on wings with
flaps, whether of the plain or split variety, a part of
the span of the flap must in most cases be sacrificed.
One arrangement has been devised in which ordinary
ailerons are used with a full-span split flap by retract-

ing the flap into the wing ahead of the ailerons. With
this arrangement, in order to bring the flap into the
most favorable position when deflected it is moved to
the rear as well as downward. Wind-tunnel tests have
shown that reasonably satisfactory rolling and yawing
moments are obtained by the conventional ailerons
with the flap deflected. With the flap retracted the
conventional ailerons operate in the normal manner.
A special wing having this arrangement is now being
fitted to a parasol monoplane for flight tests.

External ailerons.—A wind-tunnel investigation has
been completed on external ailerons composed of
separate airfoils attached to but apart from the main
wing. The external ailerons were tried in positions
all around the main wing, but particularly in four
regions: (1) In front of and below the leading edge;
(2) above the nose portion; (3) above the trailing edge;
and (4) below the trailing edge of the main wing.
The ailerons in front of and below the leading edge
were found to give reversal of control at low angles
of attack. In the region above the forward portion
of the wing the ailerons had rolling and yawing moment
characteristics somewhat similar to those of spoilers,
the rolling-moment coefficients increasing in magni-
tude as the angle of attack was increased to and
through the stall. For the ailerons above the trailing
edge the characteristics were similar to those of con-
ventional ailerons except for the yawing moments,
which were better. When mounted behind and below
the trailing edge, the external ailerons could be used
as lift flaps if deflected downward together. If de-

| flected differentially they acted like ordinary ailerons

with unusually large adverse yawing moments.

The most favorable location for control at high
angles of attack up to well above the stall appeared
to be just above the nose portion of the main airfoil,
a short distance back from the leading edge. Flight
tests have been made on external ailerons in this posi-
tion with two different types of deflection, in both of
which the ailerons were moved one at a time. With
one type of deflection the trailing edge was moved up
only, and with the other type the trailing edge was
moved down only, these opposite deflections being
selected because the wind-tunnel tests showed that
moving the aileron in either direction from a critical
neutral position reduced the lift on the adjacent por-
tion of the wing.

When tested in flight these ailerons had a lag, or
delayed action, when given the deflection in which
the trailing edge was moved downward, but they were
free from lag when the trailing edge was given the
individual upward deflection. In the ordinary flying
range the acceleration in roll was found to be only
about half as great as that obtained with ordinary
ailerons of approximately the same size, but the final
rate of roll was greater than that obtained with ordi-
nary ailerons. The latter condition was not consid-



6 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ered advantageous by the pilots. The ailerons gave
moderate control at the angles of attack above the
stall. As has been found with all external ailerons
tested in flight, however, the control force was high
at the high speeds, even with the aileron hinge axis
moved as far back as possible without resulting in
overbalance at low speed. The work dealing with
external ailerons is still in progress and the reports
of the tests are not yet completed.

Floating tip ailerons.—A wind-tunnel investigation
has been completed of floating tip ailerons having
various airfoil sections, hinge axis locations, and end-
plate arrangements, on rectangular wings; on straight
wings with single and multiple floating tip ailerons of
narrow chord; and on tapered wings with 2° of taper
(Technical Report No. 424 and Technical Note No.
458). In general, the floating tip ailerons gave
reasonably satisfactory values of rolling moment at
all angles of attack, practically zero values of yawing
moment about wind axes, and a reduction in the un-
stable autorotational moments, but they also gave
poor airplane performance characteristics, especially
in regard to climb. The most promising of the floating
tip ailerons seem to be those on wings of extreme taper.
In this case, very light control forces are required and
it would seem that there should be no great reduction
in airplane performance if the span of the fixed part
of the wing is sufficient for the rate of climb desired.

Upper-surface ailerons.—These ailerons are used
with split flaps and are formed by deflecting the upper
trailing-edge portions of the wing above the split
flaps. They are deflected upward individually. Both
wind-tunnel and flight tests showed that, while mod-
erate rolling control can be obtained at angles of attack
below the stall with the flap either deflected or re-
tracted, if simple unbalanced upper-surface ailerons
are used the control forces required are excessively
high even though the ailerons have a narrow chord.
Reports on both the wind-tunnel and flight tests are
in preparation. Work is now being carried on in the
7- by 10-foot tunnel to investigate the possibility of
obtaining a suitable reduction of hinge moment by
means of proper hinge location and aileron profile.

Spoilers.—Various spoiler arrangements have been
tested both in the wind tunnel (Technical Note No.
415 and Technical Report No. 439) and in flight
(report in preparation). These spoilers consisted
essentially of plates and surfaces arranged to project
from the upper surface of a portion of the wing in
order to reduce the lift over that portion. The
spoilers located near the nose of the wing gave con-
trol at angles of attack above the stall, but, unfor-
tunately, below the stall they had a definite lag or
delayed action due to an initial but imperceptible
tendency to roll in the wrong direction. The time
from the deflection of the control to the start of the
roll in the desired direction averaged about one half

second. The lag was found in flicht with each of the
three forms of spoiler tested, the first being a flap set
in the upper surface and hinged at the front edge, the
second a retractable spoiler projecting out through a
slot in the upper surface of the wing, and the third
the retractable spoiler cut to saw-tooth form. These
results seem to eliminate the simple spoiler located in
the forward portion of the wing as a satisfactory lat-
eral-control device when used by itself, but, if control
above the stall is of sufficient importance, a satis-

| factory arrangement free from lag can apparently be

obtained by the proper combination of spoilers and
ordinary ailerons. The spoilers can be arranged to
reduce the aileron hinge moments if desired, either
by means of their location or their connecting linkage.

In regard to control at angles of attack above the
stall, the flicht tests have shown that the lateral
instability above the stall may be so violent as to
eliminate the possibility of handling the airplane satis-
factorily even with an effective lateral control. Con-
sidering this condition it seems that even for occasional
emergency use control above the stall may be of
slight value unless it is accompanied by stability.

If the spoilers are moved sufficiently far back along
the chord of the wing there is no doubt that the lag
can be eliminated. Unfortunately, as the spoiler is
moved back its effectiveness in giving control at angles
of attack above the stall is lost. The present plans
are to continue flight tests to find the most forward
spoiler location free from lag. Tests are now under
way with the retractable-type spoilers near the trail-
ing edge of the wing. In this position they might
well be called ‘“retractable ailerons”, for they give
approximately the same rolling and yawing moments
as the upper-surface ailerons but with the advantage
of very low control forces, for with this device the
hinge moments can be made practically zero.

Aerodynamic balancing of control surfaces.—Consid-
erable interest has been centered during the past year
on means of balancing the forces required to operate
the various control surfaces of an airplane. An in-
vestigation has been made in the 7- by 10-foot tunnel
on a model wing with ailerons and balanced surfaces
of various kinds. Hinge moments and rolling and
yawing moments, as well as the general performance
with the various arrangements, were measured. One
type of balancing arrangement investigated consisted
of flat plates or tabs attached to the trailing edge of
the ailerons and deflected various amounts. Another
type of tab was formed by deflecting the trailing-edge
portion of the aileron itself. The latter type proved
more effective and complete servo-control could be
obtained for moderate aileron deflections when the
inset tab was 20 percent of the aileron chord and cov-
ered the entire aileron span. The hinge moments for
large aileron deflections, however, were greater with
the tabs than without. Further work is in progress
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with inset tabs and horn-and-paddle-type balances on
ailerons, and with inset tabs on rudders and elevators
also.

StaBILITY.—A theoretical study of stability, based on
the theory of small oscillations, is being made with a
view to making possible the rational prediction of the
stability characteristics of an airplane by simple means.

Effect of wing-tip shape—A wind-tunnel investiga-
tion of the effect of wing-tip shape on lateral stability
is in progress. Tests have been made with tips hav-
ing rectangular and curved plan forms, and with the
tip in front curved upward and downward different
amounts. The tests include 6-component force and
moment measurements at several angles of yaw, as
well as rotation tests at zero yaw. The results show
the effect of tip shape on general performance and on
four of the lateral-stability factors—damping in roll,
and variation of the rolling moment, yawing moment,
and cross-wind force with sideslip. It was found that
the rectangular tips gave higher values of the rolling
and yawing moments due to sideslip than the curved
tips, while the damping in roll was about the same for
all of the tips tested.

Effective dihedral.—A detailed wind-tunnel investiga-
tion is being made to determine the effects of dihedral
on lateral stability and on general performance. In
the 7- by 10-foot wind tunnel tests are being made
with wing models having various amounts of the span
deflected upward to give dihedral. The results ob-
tained to date indicate that a dihedral angle only in
the outer 25 percent of the wing is quite effective in
producing rolling moments due to sideslip up through
large angles of attack. In addition to the wind-tunnel
investigation qualitative flight tests are being made
in which the lateral stability is being found for a
parasol monoplane with dihedral angles ranging from
0° to 9°.

Lanping.—The cinematographic apparatus de-
veloped for studying the motion of airplanes in flight
close to the ground, particularly in landings, has been
utilized in an investigation of glide landings in gusty
air. The airplane used in this investigation was
equipped with unusually long shock-absorber struts.
In the tests with the elevator held stationary, for the
worst case recorded the attitude of the airplane varied
from 14° nose up to 9° nose down, and the rate of
descent varied from 28 feet per second to 4 feet per
second, while the airplane was descending from 550
feet to 350 feet. At the present time a paper is being
prepared in which the results of this investigation
will be presented, together with the results of an in-
vestigation of the variation in wind speeds close to
the ground.

The above-mentioned apparatus has also been used
in investigations of the relative efficiency of two types
of long-stroke shock-absorber struts, and of the land-
ing characteristics of an autogiro. The latter investi-

gation was undertaken at the request of the Aero-
nautics Branch, Department of Commerce, to provide
data for use in the formulation of design rules.
TAxE-0FF.—A comparatively simple method of cal-
culating the length of take-off run has been developed
from the assumption of a linear variation in net accel-
erating force with air speed. This method has been
published during the year in Technical Report No. 450.

A flight investigation was made to determine the
effect of automatic slots and plain flaps on take-off,
the tests being made with a small low-wing mono-
plane. The take-off run was materially reduced with
slots but not with flaps, the magnitude of the effects
being dependent to some extent on the gross weight.
The difference in the effects of the two devices lay
principally in the fact that the flaps increased the drag
throughout the take-off run and thereby retarded the
acceleration, whereas the slots had no appreciable
deleterious effect during the preceding ground run.

Further information on the effect of flaps on take-off
run is available from tests in the full-scale tunnel on
a small parasol monoplane. Calculations based on
the power characteristics with a 95-horsepower engine
and a fixed-pitch propeller indicated that a slight
reduction in the calculated take-offi run would be
obtained with a flap depression of about 27°, but
because of the poor climb with the flaps down, the total
take-off distance required to clear an obstacle 100 feet
high would be greatly increased for flap settings greater
than 20° and would not be appreciably improved by
lower settings.

In an attempt to calculate the take-off run from
known airplane and propeller characteristics it was
found that no one value for the coefficient of ground
friction would give satisfactory agreement with the
experimental data for all take-off conditions. A
study is being made of the influence of various factors
on take-off.

The recent perfection of several types of controllabls
propellers has increased the interest in methods o
computing the possible performance of such propellers.
A report has been prepared pointing out some of the
methods to be used in such caleulations making use
of data previously published by the Committee. The
report (Technical Note No. 484) also shows the possi-
bility of increasing the performance of some airplanes.

In the computation of the propeller performance
of airplanes, particularly of seaplanes, it has been found
that the information previously published in Technical
Report No. 350 was not complete enough in the low-
speed range for the calculation of the available thrust
of the propeller. The original data have been recom-
puted, a new coefficient being used, and the results
are being presented in a new report in the form of
charts which will be useful to designers in computing
the low-speed characteristics of propellers.



When retractable landing gears are used on a low-
wing monoplane the question arises how the lift
coefficient of the wing is affected by the open wheel
wells in the lower surface of the wing when the
landing gear is extended and how the time for taking
off may be affected. In order to furnish information
on this point, the Committee was requested by the
Army Air Corps to make tests in the full-scale tunnel
on a Lockheed Altair airplane. It was found that the
wheel openings in the lower side of the wing have
a negligible effect upon the lift and take-off of the
airplane. The results are given in Technical Note
No. 456.

MANEUVERABILITY.—A report on the maneuvera-
bility of an observation airplane, an investigation
undertaken at the request of the Bureau of Aeronautics,
Navy Department, has been published (Technical
Report No. 457). Consideration has been given to the
development of a criterion for maneuverability based
on the results of previous tests.

SpINNING.—Intensive research on the problem of
the spin has been continued both in flight and in the
vertical tunnel, the latter having been in regular
operation throughout the past year (Technical Report
No. 456). Attention has been concentrated largely
on the factors affecting the steady spin and recovery
from it, for the ultimate purpose of insuring in the
design of airplanes that proper recovery will be ob-
tained, or that the steady spin will be entirely
prevented.

A paper has been published on the effect of sharp
leading edges on the spin (Technical Note No. 447).
There has also been published a paper (Technical
Note No. 468) on the results of a study of the influence
of the various factors affecting the steady spin. In
this study the predicted influence of various modifica-
tions in airplane design features were correlated with
the results of flicht tests as reported from numerous
sources. An analysis of the results obtained in a
flight investigation conducted on a small biplane, of
the effect of control setting and mass distribution on
the steady spin, has been completed and a paper on
this subject is now being prepared. It was found that
in general the observed effect of extensive changes in
mass distribution could be predicted by utilizing the
knowledge already available from previous theoretical
and experimental studies of the problem.

There are rather conclusive indications that provision
of sufficient damping yawing moments offers the most
effective method of eliminating bad spinning charac-
teristics, and several researches designed to provide
additional information on the amount of yawing mo-
ment desired and the method of securing it effectively
have been carried out or are now in progress. An
investigation conducted in the vertical tunnel to deter-
mine the effect on spinning characteristics of locating

the stabilizer and elevator in several fore-and-aft | several years.
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positions and also in two vertical positions has been
completed and a paper on the results has been published
(Technical Note No. 474). The results indicate that
a very favorable increase in yawing moment is obtained
by a high and/or a rearward position of the horizontal
tail surfaces.

In the same connection the spinning characteristics
of a biplane of the fighter type have been investigated
in flight with various modifications to improve the
effective fin area. In its original condition this air-
plane would occasionally fail to recover when the
controls were manipulated in accordance with the
normal procedure for recovery. The character of the
spin was first improved to an extent that made it safe
for spinning by the addition of considerable fin area
above the fuselage, a modification that could be readily
incorporated in the existing airplanes of that type.
The investigation was then continued to determine the
effect of raising the stabilizer, a modification that
was expected to prove very beneficial, on the basis of
previous studies in the vertical tunnel. In tests now
completed a very marked improvement in the charac-
ter of the spin has been brought about by raising the
stabilizer to the top of the vertical fin. At the present
time the effect of an intermediate stabilizer position
is being investigated, such a position being more
readily adaptable to structural design requirements
than the extreme upper position.

The flight investigation with this airplane has been
very closely correlated with tests in the vertical
tunnel on a model of the same airplane primarily for
the purpose of determining the extent to which agree-
ment might be expected between model and flight
spinning tests, and possibly of deriving factors for
converting model spinning results to full scale. The
model data have not yet been completely analyzed.

A third research concerned with the yawing moments
contributed by various parts of the airplane in spins
is now being carried out in flight on a small biplane
previously used for mass-distribution studies. The
lateral forces on the fin, rudder, and fuselage are being
determined by pressure-distribution measurements,
and at the same time the spinning motion is deter-
mined so that resultant moments can be computed.
The yawing moment developed by the remainder
of the airplane, chiefly the wings, is then found.

At the request of the Army Air Corps, three models
of special pursuit airplanes were tested in the vertical
tunnel for prediction of their spinning characteristics.
It is interesting to note that the characteristics as
measured compared favorably with what had been pre-
dicted on the basis of previous tests with other models
on the spinning balance.

An experimental method for determining the
moments of inertia of airplanes for use chiefly in
spinning studies has been used by the Committee for
Essentially, the method consists in
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suspending the airplane so that it can oscillate as a
pendulum. Refinements in the method have been
made from time to time, some of them being of funda-
mental importance. A report has been published
(Technical Report No. 467) describing the procedure
followed in these experiments, particularly the method
employed in correcting for effects of the ambient air.

AERODYNAMIC INTERFERENCE AND D=rac.—The
broad basic investigation of aerodynamic interference
and drag previously undertaken has been continued
through the year. The investigation is intended to
determine where and under what conditions inter-
ference effects may be of importance, and how adverse
interferences between airplane parts may be reduced
and favorable interferences utilized. The work is
advantageously divided among various sections of the
laboratory.

Wing-fuselage interference.—An extensive investiga-
tion dealing largely with interference effects between
the fuselage and the wing has been in progress during
the year in the variable-density wind tunnel. The
tests are made at a high value of the Reynolds Num-
ber, and deal with combinations of variously shaped
fuselages and wings in different relative positions. A
large part of the test program has been carried out and
the results are being analyzed, but the investigation
has not progressed sufficiently far to warrant the
drawing of conclusions.

The best means of determining interference effects
18 by measurements on actual airplanes in the full-
scale wind tunnel where the tests can be made with
and without the slipstream, and where flow surveys
can be made behind the airplane. Two investigations
of this nature have been undertaken during the year.
Wing-fuselage interference and buffeting were in-
vestigcated on a low-wing monoplane displaying
excessive drag and tail buffeting at high angles of
attack, successive modifications being made, including
the addition of variously formed fillets at the juncture
of the wing and fuselage, the installation of a National
Advisory Committee for Aeronautics engine cowling,
the use of short-span auxiliary airfoils, and provision
for reflexing the trailing edge of the wing. Preliminary
results of this investigation have been published in
Technical Note No. 460.

A more complete report is in preparation in which
will be shown surveys of the flow about the tail sur-
faces with and without power and with the various
modifications mentioned. A special survey apparatus
described previously was used for this work. It was
found that the fillets, either alone or in combination
with the National Advisory Committee for Aero-
nautics cowling, reduced the buffeting and inter-
ference to unobjectionable magnitudes at angles of
attack up to the stall. The best results were obtained
by the use of fillets together with the National Advisory
Committee for Aeronautics cowling.

Another full-scale investigation of wing-fuselage
interference on a YO-31A airplane is in progress in the
full-scale tunnel. A mock-up of this airplane, which
was originally built with a gull wing, has been arranged
for the installation of wings in three positions represent-
ing a high-wing, a mid-wing, and a low-wing monoplane
and in the latter position a full cantilever wing will be
tested as well as the braced wing used in the other
positions. Both force tests and pressure-distribution
measurements will be made for the whole series of tests
and these, taken with air-flow measurements at the
tail and engine power data, will give a complete picture
of the effects of wing-fuselage interference on this
particular airplane. The part of the investigation
dealing with the gull wing has now been completed
and the results are being analyzed while the next
wing arrangement is being set up.

Wing-nacelle propeller research.—The extensive pro-
gram of research on the mutual influences of wing,
nacelle, and propeller has been continued in the
propeller-research tunnel. Investigation of nacelles
with tandem propellers, of nacelles with pusher
propellers, and of nacelles with tractor propellers on
biplane wings has been completed. A large number of
supplementary tests correlating these investigations
with the investigations of tractor propellers on nacelles
and monoplane wings have also been made. Reports
covering these various parts of the investigation are
now in preparation.

The effect of the shape and size of the wing on the
mutual interference has been investigated by means of
tests on a wing of Clark Y section and smaller chord
for comparison with the earlier tests with a thick
wing of large chord. Results of this investigation
have been published as Technical Report No. 462.
The general conclusion drawn from the investigation
is that a completely cowled tractor nacelle located
ahead of the leading edge of the wing is the best
arrangement. The tandem-nacelle arrangement suf-
fered largely from the high drag of the engine nacelle.
The same is true of the pusher nacelle arrangement; in
fact, the pusher part of the nacelle or nacelle adjacent
to the pusher propeller appears to be the undesirable
feature in both the pusher and tandem arrangements.
None of these arrangements approaches the efficiency
of the best tractor-nacelle arrangement. There appear
to be good grounds for supposing that an arrangement
consisting of an engine located ahead of the leading
edge of the wing in a National Advisory Committee for
Aeronautics cowled nacelle and an extension shaft
carried to the trailing edge of the wing with the
propeller located at the end will have high efficiency.
Tests are soon to be made with this arrangement.

Most of the preceding tests have been made with
nacelles for air-cooled radial engines. The liquid-
cooled airplane engine has not been overlooked; some
tests have been made to determine the propulsive
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efficiency and the interference effects of a liquid-cooled
engine nacelle and a wing. The tests made thus far
indicate that the largest drag-producing component
of the nacelle of the ordinary type is the radiator,
which is normally exposed below the nacelle. A test
was also made with a radiator completely surrounding
the engine and enclosed within a nacelle of circular
cross section, giving an outward shape similar to that
of an air-cooled engine nacelle. The results of this
test indicated that the drag of the usual liquid-cooled
installation could be considerably reduced by such an
arrangement.

The great mass of data obtained on wing-nacelle-

propeller effects in the propeller-research tunnel was

obtained on wings of 15-foot span, aspect ratio 3,
with a propeller of 4-foot diameter. If the propeller-
nacelle interference extends more than about two
diameters outboard of the thrust axis, then the effect is
incompletely measured on such a small-span wing.
In order to check this possibility, the same nacelle-
propeller combination has been tested in the full-scale
wind tunnel in three positions relative to a wing of the
same chord and section whose span was progressively
decreased from 30 to 25, to 20, and finally to 15 feet.
Forces, propeller characteristics, and pressure dis-
tribution were measured and a preliminary comparison
shows the effect of span to be not so large as to invali-
date the test results on short spans. The results of
these tests in the full-scale tunnel are being prepared
for publication.

Drag of landing gears.—It has been realized for
some time that the drag of the landing gear con-
stitutes in many cases a large part of the total drag
of the airplane. That manufacturers of airplanes are
cognizant of this fact is witnessed by the numerous
installations of retractable landing gears in recent
airplanes. The additional weight and the mechanical
complexity have retarded the general adoption of
retractable landing gears. That these difficulties are
being surmounted is attested by the numerous installa-
tions of retractable gears in recent designs, but the use
of nonretractable gears in several high-performance
airplanes indicates the need for more information on
the possibilities of reducing the drag and the unfavor-
able interference effects.

An investigation of the drag of landing gears has
recently been completed in the propeller-research
tunnel. In this investigation a full-size airplane fuse-
lage was mounted on the balance and a large number
of landing gears were attached to this fuselage and the
drag determined. The drag of the complete landing
gear as thus determined was supplemented by tests
on component parts which were made in the 7- by 10-
foot wind tunnel (Technical Report No. 468). About
20 types of landing gears were investigated which,
with numerous variations, brought the total number
of tests to over 100. A number of styles of wheels

and wheel fairings and fairings between wheels and
struts were tried, so that the whole research consti-
tuted a fairly complete study of landing-gear effects.
The final report including analysis and design studies
has been completed.

It was found that landing gears of the older types
without any particular streamlining and having very
high drag can be greatly improved by installing fillets
between the struts and wheels and fairings over the
wheels. Of the newer types, the cantilever-type gear
had a fairly low drag but the lowest drag was obtained
with a gear protruding vertically below the wing and
completely faired in. With this type the drag was
reduced to about 13 pounds for the landing gear at
100 miles an hour. It was also found that, as far as
drag is concerned, the various types of wheels, such
as high-pressure, low-pressure, and streamlined wheels,
have relatively small effect on the total drag, but that
interference effects between wheels and adjacent mem-
bers is much more important. Taken all together, it
appears that the drag for the exposed landing gear can
be reduced to a point where its effect even on the high-
performance airplane will be relatively small and the
consequent complication of retractable gears can be
avoided in a number of instances.

Cowling.—The very general adoption of the Na-
tional Advisory Committee for Aeronautics cowling
and its importance for high-speed flight have pointed
to the desirability of further research to establish more
trustworthy design data. An extensive systematic
investigation has accordingly been undertaken, con-
sisting of three parts: (1) the cooling requirements of
an air-cooled engine, to be established by the power
plants division; (2) the best cowling arrangement to
obtain the necessary cooling with minimum drag, to
be established by model tests in the 7- by 10-foot
tunnel; (3) verification of the results from parts (1)
and (2) by cowling tests on full-size engines in the
propeller-research tunnel.

Part (1) is in progress by the engine research division.
Part (2) is in progress in the 7- by 10-foot tunnel, and
includes the effect of changes in the front opening, the
rear opening, the size of the nacelle, the camber of the
leading part of the cowling, and the effect of different
types of leading edge. The investigation has not been
carried far enough to warrant definite conclusions.

Propeller drag.—For those airplanes whose func-
tions require that they be dived at terminal velocity,
the accurate prediction of this velocity is of impor-
tance. Since the propeller may offer considerable
drag in fast dives and since it exerts a controlling
influence on the engine speed, the Committee was
requested by the Bureau of Aeronautics, Navy
Department, to make an investigation to determine
the quantitative nature of these effects to the end that
precise estimates of the terminal velocity could be
made. This investigation included flight dive tests
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and wind-tunnel propeller tests. During the past year
the information has been analyzed and a report pre-
pared (Technical Report No. 477), which presents the
results in a form readily usable for the quantitative
determination of the influence of the propeller on the
terminal velocity and engine speed. Some of the
propeller tests were extended to include the negative
thrust range of operation applicable to this condition
of flight, and the results have been given in Technical
Report No. 464.

Use of the smoke tunnel and the high-speed tunnel.—
The smoke tunnel and the high-speed tunnel have been
employed in connection with interference studies.
Investigations in the smoke tunnel, however, have
been made primarily to study its utility for such re-
searches. For example, the air flow was examined
about a model on which was simulated a windshield
of the forward-sloping V-type as used on some trans-
port airplanes. Observations of the smoke flow in-
dicated a large wake. The windshield was then altered
until a form was reached which gave a more satis-
factory flow. The actual drags of the original and
final windshields were then compared by tests at a
large value of Reynolds Number in the variable-
density tunnel. The results confirmed the deductions
from the observations in the smokeflow tunnel in
that they showed the original windshield to have an
excessive drag and the final form less than half that of
the original.

Another investigation of particular interest was
started in the smoke tunel and continued in the high-
speed tunnel. In the smoke tunnel the flow about a
streamline wire (lenticular section) model was ob-
served to indicate a relatively high drag. The flow was
found to be improved by the addition of small round
wires on the surface of the streamline wire to form
a longitudinal protuberance on either side of the
section contour somewhat behind the leading edge.
Various sizes and positions of the protuberance were
investigated. Later the investigation was continued
in the high-speed tunnel where full-scale wires could be
tested at full speed, and the drag accurately measured.
A streamline wire of nominal size, 0.5 inch with round
wires of 0.003-inch diameter soldered along its sur-
faces to form the protuberance, at certain speeds
showed a drag reduction due to the protuberances of
more than 40 percent.

Effects of surface roughness.—The question some-
times arises as to the effect of surface roughness on
the aerodynamic characteristics of a wing, and two
investigations of a minor nature have been conducted
on this subject during the year. Tests were made in
the variable-density wind tunnel on a number of air-
foils of the National Advisory Committee for Aero-
nautics 0012 section on which the character of the
surface was changed from a rough to a very smooth

caused by small irregularities in airfoil surfaces which
might ordinarily be overlooked. These results were
published in Technical Note No. 457.

An investigation of the effect of rivet heads on the
characteristics of a 6- by 36-foot Clark Y metal airfoil
was carried out in the full-scale tunnel and the results
published in Technical Note No. 461. The effect of
conventional brazier-head rivets on the drag of the
wing was found to be large, and an investigation of
various types of flush rivets is next to be undertaken.

A1rroriLs.—Theory of wing sections.—A report on the
aerodynamic potential theory of wing sections (Tech-
nical Report No. 452) has been prepared in which is
presented a unified rigorous treatment of the general
theory of monoplane wing sections of any shape.
The numerous special cases that have been previously
treated in the aerodynamic literature are reduced to
special cases of the general theory, which permits a
clearer perspective of the entire field of wing theory.
A comparison of the predicted theoretical pressures
with experimental work for the National Advisory
Committee for Aeronautics M6 airfoil at 12 different
angles of attack presents a striking illustration of the
value of the theory. In a later report (Technical
Report No. 465) application of the general theory is
made to 20 conventional or selected airfoils. The
theoretical distribution of pressure at lift coefficients
0f 0, 0.5, 1.0, and 1.5 is presented graphically. Analysis
and discussion of the results show clearly that many of
the aerodynamic properties and characteristics of
airfoils are explainable and predictable on the basis of
the theoretical pressure-distribution curves.

Investigation of airfoil shape—The systematic in-
vestigation of airfoil characteristics as affected by
variations of the airfoil shape has been continued in
the variable-density tunnel and a report (Technical
Report No. 460) has been prepared covering the tests
under comparable conditions of 78 related airfoils.

The tests were made primarily to investigate air-
foil characteristics as affected by variations of the
section thickness and the mean-line form. One of the
objects of investigating a wide variety of related air-
foils, aside from supplying data to facilitate the choice
of the most satisfactory airfoil for a given application,
was to determine the trends with changes of shape that
might be followed in order to design new shapes having
better characteristics. The most promising possibility
of improvement was found to be with those airfoils
which have the position of the maximum camber well
forward. A number of sections of this type have
therefore been developed from the original family with
the expectation of finding new sections that give a
reasonably high maximum lift without an excessively
large pitching-moment coefficient.

Among the 78 related airfoils considered in the pub-
lished report are some having thickness forms differ-

finish, Measurable adverse effects were found to be | ing from the basic one, notably those having leading
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edges blunter and sharper than the basic leading edge.
The consideration that the airfoil profile must enclose
an efficient structure, however, dictates the investi-
gation of other thickness forms. With single-spar
construction, for example, an airfoil section having the
maximum thickness well forward may be desirable.
On the other hand, for wings like the Fowler variable-
area wing a deep rear spar may be required. A thick-
ness form having the maximum thickness farther
back than 0.3¢c may then be desirable. Furthermore,
various thickness forms have never been studied under
conditions corresponding to full-scale airplane wings.
Some thickness forms, such as one having the maxi-
mum thickness at 0.4c, which appears from tests in
the high-speed tunnel to be better than the basic one
at very high speeds, may in flight be more efficient
aerodynamically.

Scale effect.—The results of airfoil tests in the
variable-density tunnel and in the full-scale tunnel as
well as indications from flight tests show that a rather
large variation of airfoil characteristics with the
Reynolds Number is to be found within the range of
values of the Reynolds Number encountered in flight.
Data from tests of an airfoil at only one value of the
Reynolds Number cannot therefore be considered
adequate, but must be supplemented by some knowl-
edge of the changes produced by varying the value of
the Reynolds Number from that of the test.

The Reynolds Numbers common to modern flight
lie in the range between 2,000,000 and 20,000,000.
Airfoil results from wind-tunnel tests have been
available only up to a Reynolds Number of about 3,000,-
000, obviously indicating that an extension of airfoil
characteristics further into the flight range is highly
important. The characteristics of the Clark Y airfoil
were therefore measured in the full-scale tunnel over a
range of Reynolds Number from 350,000 to 5,600,000
at maximum lift, and from about 350,000 to 9,000,000
at minimum drag. This wide range was obtained by
testing four similar metal airfoils with spans of 12,
24, 36, and 48 feet at velocities from 30 to 118 miles
per hour.

The maximum lift coefficient for the Clark Y airfoil
shows a steady rise in value with increase in Reynolds
Number while the minimum drag coefficient shows a
decrease in value with increase in scale. A report is
in preparation indicating the variation of the airfoil
characteristics with Reynolds Number, and making
available for design purposes these large-scale data.

Tapered airfoils—Other work on airfoils includes
routine tests or the tabulation and analysis of data
requested by the military services, or by the Depart-
ment of Commerce. Some of these investigations have
dealt with tapered airfoils rather than airfoil sections.
Several tapered airfoils were tested in the variable-
density tunnel at the request of the Army Air Corps to
provide data for inclusion in the handbook of instruc-

tions for airplane designers. In connection with the
investigation of tapered airfoils a technical note
(no. 483) has been prepared presenting in short form
for convenient use by designers the theoretical
pitching-moment characteristics of tapered wings
having various plan forms and having sweepback and
twist. The information is applicable to the design of
wings for ordinary airplanes as well as tailless airplanes.

Compressibility effects—A technical report has been
published (no. 463) giving a description of the high-
speed tunnel and an account of the tests of a series
of six commonly used propeller sections, showing the
effects of compressibility at air speeds up to 85 percent
of the velocity of sound. The investigation of the
effects of compressibility has been further extended
during this year to include a study of the important
variations of airfoil shape. Eleven related symmetri-
cal airfoils have been tested over a wide speed range to
determine the effects of variations in the leading-edge
radius, the thickness, and the location of the maximum
ordinate, as well as the effects of compressibility.
The analysis of these results is now nearing completion
and it is indicated that the best position for the maxi-
mum ordinate is 40 percent of the chord aft of the
leading edge. The effects of variations in the lead-
ing edge radius on minimum profile drag for airfoils 9
percent thick are negligible for values of the radius
less than 0.0089c.

The results of this investigation were used to de-
termine a thickness distribution for use in the develop-
ment of cambered airfoils. Three cambered airfoils
were tested; one of these, the National Advisory Com-
mittee for Aeronautics 216 airfoil, is superior at high
speeds to both the Clark Y and R.A.F. 6 propeller
airfoils having the same thickness. This airfoil is 9
percent thick; its maximum ordinate is at 40 percent
of the chord aft of the leading edge, and its leading-
edge radius is 0.0022¢ (approximately one quarter the
usual value for the National Advisory Committee for
Aeronautics family airfoils). The mean camber line
corresponds to that of the National Advisory Com-
mittee for Aeronautics 24 series.

A detailed investigation of the drag of fundamental
shapes—circular, elliptical, and prismatic cylinders—
is now in progress. The tests are being conducted
over a speed range extending up to approximately

| 65 percent of sound velocity. Drag tests of cylinders

of various sizes show remarkably close agreement when
the results for the lower speeds are plotted against
Reynolds Number and the results for all the circular
cylinders are in excellent agreement as to the speed
(0.4 sound velocity) at which the compressibility
effects become of first importance.

Boundary-layer control.—A number of investiga-
tions have been made in previous years, both by the
Committee and elsewhere, showing rather startling
effects of the use of blowers to suck air in through slots
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in the surface of a wing or to blow it out. Most of
these investigations have been made on relatively
small models, and trustworthy results have been
(difficult of attainment because of the smallness of the
models and because the amount of auxiliary apparatus
required and the method used for attaching it to the
model necessitated numerous corrections. An investi-
gation is now in progress in the propeller-research
tunnel in which a large model is used with the blower in
the wing itself. In addition to the measurements of
lift and drag, apparatus has been installed for measur-
ing the thickness of the boundary layer and the
pressure distribution over the wing. The power input
to the motor is, of course, measured also. Although it
is realized that the use of a blower for suction or
pressure is not now attractive from a practical stand-
point, it is believed the results will provide a definite
contribution to our knowledge of the boundary-layer
characteristics of the wing.

JET-BoUNDARY INVESTIGATION.—The unique possi-
bility of obtaining results in the full-scale tunnel for
direct comparison with flight results made it im-
portant to investigate all factors which might tend to
cause a discrepancy between the wind-tunnel and
flight results. That the limited boundary of a wind-
tunnel jet causes a change in the aerodynamic charac-
teristics of a body tested therein is well known, and at
the time this tunnel was put in operation there was no
theoretical correction factor available for this type of
jet. An investigation was therefore undertaken to
determine experimentally the jet-boundary correction
factor. The results have verified in a very satisfactory
manner the theoretical factor for this jet which became
available during the progress of the work.

The procedure consisted in measuring the charac-
teristics of geometrically similar airfoils graded in size
from large to small and then in extrapolating plots of
these measured characteristics to simulate the condi-
tion of a finite wing in space. A preliminary study of
the test data indicated an apparent contradiction of
the general theory of jet boundary. After further in-
vestigation this discrepancy was clarified when a
distortion of the velocity field in front of the airfoil,
caused principally by the wake from the body carried
around through the return passage, was shown to be
responsible. A close agreement was shown to exist
between the characteristics of several airplanes as
measured in flight and in the tunnel when the jet-
boundary correction and the correction for wake effect
or blocking were applied. The results of this investi-
gation are being prepared for publication as a technical
report. The theory for an airfoil of finite span in an
open rectangular wind tunnel has been covered in
Technical Report No. 461.

StrucTURAL Loaping.—The studies of the flight
loads on airplane structures which have been made in
the past 3 years have resulted in a marked advance in
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knowledge of this subject. These investigations have
been continued, either to add to the existing statistical
data on some phases of the subject or to pursue further
the underlying principles of phenomena not yet clearly
understood.

Load factors.—Four airplanes have been used in an
investigation of the relation between control forces and
acceleration in pulling out of fast dives. A theoretical
study of this relation has also been made to determine
the possibility of utilizing a stick-force formula in load-
factor estimates. The results of these investigations
indicate (1) that the stick force has no appreciable
influence on the probable applied load factor in those
cases where the forces are within the pilot’s strength,
(2) that the pilot’s opinion of the control ‘“heaviness”’
and maneuverability of the airplane may be greatly
influenced by a number of qualities of the airplane not
directly related to the stick force, and (3) that stick-
force formulas are untrustworthy for estimating
probable applied load factors.

A statistical study of applied load factors and
corresponding air speeds has been in progress on a
number of airplanes under actual operating conditions,
for which a special type of instrument has been
developed. The instrument records acceleration and
air speed, and has been named the “V-G recorder.”
A number of these instruments have been in constant
use throughout the past year on various military and
naval aircraft, commercial transport airplanes, and
a few privately owned airplanes. The data being
collected cover the loadings experienced in normal
operation, ranging from the conditions corresponding
to violent maneuvers to those resulting from atmos-
pheric gusts. Although the data so far accumulated
are insufficient to justify final conclusions, a very
considerable advance has been made in knowledge of
the loading conditions to which airplanes are subjected.
Among several interesting points which have developed
in regard to the loads resulting from gusty air, perhaps
the most impressive was a load factor of 5.2 applied by
a gust on an airplane cruising at 190 miles per hour.
This value, while unusual, illustrates the possibility
of large gust loads in rare instances. Assuming a
sharp-edge gust, the gust velocity for this case was
computed to be 40 feet per second.

Load dustribution.—Several questions relating to
the problem of load distribution have been given
attention during the year. Since the preparation of
Technical Report No. 445, which presents working
charts for the determination of the lift distribution
between biplane wings, further study of this subject
has resulted in Technical Report No. 458. The influ-
ence of the fuselage has been evaluated from pressure-
distribution tests made on two conventional biplanes
in flight. This latter information may easily be used
in conjunction with the charts for the pure cellule.
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Studies have also been made of the influence of
biplane interference on the moment coefficients of the
individual wings and on the span-load distribution.
In regard to the moment coefficients, it has been
found that the biplane effect is completedly over-
shadowed by other influences such as surface rough-
ness, imperfect profiles, and experimental error. The
span-load distribution does not appear to be appre-
ciably influenced by biplane interference.

Experimental pressure-distribution investigations
have been continued on an observation airplane and
a diving bomber. The results have not yet, however,
been completely analyzed.

FieLp or View.—The field of view from an air-
plane cockpit or cabin is generally classified arbi-
trarily by the occupant as ‘““good” or ‘“poor.” An
investigation has been started to establish a suitable
criterion by which to rate airplanes in this respect.
An apparatus has been developed for measuring the
extent of the view from any seat in an aircraft and
several service-type airplanes have already been
mapped. A report now in preparation will give data
from a sufficient number of representative airplanes
to make possible the development of a criterion for
determining relative fields of view.

Rain-Vision WinpsHIELD.—An investigation has
been completed in the 7- by 10-foot tunnel on a full-
scale model of a cabin fuselage for the purpose of
exploring the possibilities of obtaining satisfactory
vision through open windows under conditions of rain
and fog. The rain was simulated by a controlled
spray located upstream from the fuselage. Tests
were made with openings of various forms directly
forward and to the side, which resulted in a side-
window arrangement which is inclined inward to give
straight forward vision and which can be completely
opened without the entrance of even large drops of
rain. A report is in preparation describing the tests
and giving the proportions of the successful design.

Sources oF Noisk IN A1RcrarT.—The fundamental
research on the source and character of propeller
noise has been continued. During the past year the
work has been confined to a study of model propellers.
The noise from such propellers has been analyzed and
is found to consist in general of two groups of sounds.
One group consists of a musical note whose frequency
is connected with the speed of rotation, with its train
of harmonics. The other group is composed of much
higher frequencies, nonmusically related, which are
undoubtedly generated by the shedding of vortices
from the trailing edge of the blades. The effect of
changes in tip speed and angle of attack upon these
two types of sound has been investigated. The
manner in which the ear responds to noises of this sort,
together with several possible methods of estimating
loudness, has been studied.
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ViBraTioN REsEarRcH.—Tests with an airplane in
floating suspension excited by a sinusoidal force were
continued, the response of the fuselage and wings to
the various frequencies being studied. In the partic-
ular airplane it was found that a large response oc-
curred near the normal operating speed of the engine.
In order to facilitate the observation of vibrations on
all points of an airplane structure, a new instrument
has been developed which permits instantaneous read-
ings, obviating laborious preparations and precautions.
A number of flight tests have been performed for the
purpose of identifying vibrations of pure aerodynamic
origin. Preliminary tests on a biplane disclosed con-
siderable disturbances of irregular type in the range of
400 to 650 per minute. These disturbances could only
be observed at diving speeds or above the stalling angle;
no vibrations that could be attributed to aerodynamic
forces were recorded in normal flight conditions.

Roraming-Wine Aircrarr.—Because of the possi-
bility of obtaining sustentation with little or no for-
ward speed and the consequent possibility of safe flight
at low speeds, continued attention has been given
during the past year to three promising types of
rotating-wing aircraft.

The first is the familiar autogiro in which the rotor
axis is vertical, the rotation of the rotor occurs auto-
matically as a result of air forces acting on the rotor
blade, and lift on opposing blades is equalized by a
flapping motion of the blades. Investigations have
been made of the various elements controlling the per-
formance of this type of machine, and one such inves-
tigation, which consisted of determining the rotor blade
motions and the division of load between the rotor and
the fixed wing, has been completed and described in
Technical Report No. 475. The results of this inves-
tigation served two purposes: (1) The measured loads
on the fixed wing have aided in the formulation of de-
sign rules for the fixed wings of this type of aircraft,
and (2) the load on the rotor correlated with the meas-
ured blade motion has provided data needed for a the-
oretical study of rotor characteristics, the results of
which are now being prepared for publication. A brief
investigation of the vibrations occurring in a 3-blade
autogiro has also been completed, and flight tests are
in progress for the purpose of determining the effect
of the incidence of the fixed wings on the rotor char-
acteristics and on performance in general.

The second type of rotating wing being investigated,
the gyroplane, is similar in general principle to the
autogiro, but is fundamentally different in regard to
its rotor operation, in that opposite blades of the rotor
are rigidly connected and lift on these blades is equal-
ized by oscillation about an axis parallel to the blade
span. A theoretical analysis of this type of machine
has been completed and is now in preparation for
publication.
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The third type being investigated, the cyclogiro, de-
rives its lift and thrust from a power-driven rotor con-
sisting of several blades rotating about an axis parallel
to the lateral axis of the aircraft. A theoretical anal-
ysis of the cyclogiro has been completed and a simpli-
fied aerodynamic theory of the machine has been
prepared and published (Technical Note No. 467).
The analysis indicates that the aerodynamic principles
are sound, that hovering flight, vertical climb, and a
reasonable forward speed may be expected with a rea-
sonable expenditure of power, and that autorotation
in a gliding descent is available in the event of engine
failure.

The studies on all three types of rotating-wing air-
craft are being continued mainly in the form of wind-
tunnel investigations principally for the purpose of
improving the rotor characteristics of the autogiro
and gyroplane and confirming the soundness of the
principles involved in the cyclogiro.

ArrsHIPs.—Airship work has been confined to some
miscellaneous activities such as cooperation with the
Army in speed trials with the 7C-11 and TC-13 air-
ships, cooperation with the Navy in speed and decel-
aration tests with the U.S. airship Macon, and the
emplification of previous reports to the Navy giving
data obtained in the trial flights with the U.S. airship
Akron.

SearLANES.—A description of the National Ad-
visory Committee for Aeronautics tank, or seaplane
channel, has been prepared and issued as Technical
Report No. 470. Reference is made in the report to
the important items of equipment and the satisfac-
tory behavior of the rubber tires, the towing carriage,
and the towing gear. The research program has fol-
lowed quite closely the program outlined in last year’s
report. Although emphasis has been placed on in-
vestigations which have immediate application, the
addition of wave suppressers has greatly expedited
the carrying out of the research program.

Effects of variation in dimensions and form of hull
on take-off of flying boats.—The effects of variation in
dimensions are being studied by tests of a series of
five models derived from a parent form by systematic
variations in dimensions. The five models were in-
vestigated according to the general method in which
the resistance, rise, and trimming moment of the
model are determined at various fixed trims over a
range of speeds. The results show that the perform-
ance of the parent model could be.improved by chang-
ing its form to give a longer and flatter forebody. A
new forebody was made and tested with the original
afterbody, and the improved model equals in perform-
ance the best flying-boat hull. Tests of two models,
nos. 11 and 11A, are described in Technical Notes
Nos. 464 and 470.

Observation of the behavior of the models of hulls
tested suggested the possibility of improving perform-
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ance by a radical change in the form of the main step.
A model was prepared in which the step was much
deeper than usual and was pointed in plan form in-
stead of square across the hull. This model, no. 22,
showed a general performance much superior to the
previous model. These results will be issued as a
technical note and it is hoped that a full-scale test of
this form may be made to determine its behavior under
operating conditions.

A model of a flying-boat hull having one form of
stub wings or sponsons to provide lateral stability
was investigated. Other forms of sponsons have been
made for tests with the same main hull, and in view of
the later development of this type of lateral stabiliza-
tion, it is planned to extend the application to hulls of
other shapes.

Floats for seaplanes.—In order to obtain informa-
tion regarding the performance of a good high-speed
seaplane float, tests were made of a model of a float
used on the Macchi racer of 1926. As a result of the
tests a float designed to be an improvement of this
float and to be used as a parent of future series was
tested. This model showed a marked improvement
over the Macchi float. The results of the two tests are
compared in Technical Note No. 473.

Fundamental information regarding planing - sur-
faces.—For a large part of the take-off run of the sea-
plane, that part of the weight of the craft not supported
by the wings is supported by the hydrodynamic reac-

| tion of the water on the bottom of the float or boat.

By testing surfaces that skim along the top of the water
simulating only the bottom of a float, much valuable
fundamental information can be obtained. A series
of tests of planing surfaces consisting of flat surfaces at
0°, 10°, 20°, and 30° dihedral has been completed, and
the results are being prepared for issue as a technical
note. A series of somewhat similar models consisting
of two surfaces with transverse curvature set at vari-
ous dihedrals is being constructed for use in further
tests. It is also planned to test surfaces with fore and
aft curvature at a later date.

The results of the tests of these models may make
possible the separation of the pure planing phenomena
from the other factors encountered in tests of complete
models and thus give valuable clues as to the proper

. form of bottoms.

Frictional resistance of boat surfaces.—Frictional re-
sistance of those surfaces of a boat hull which are
exposed to the passing water has not been determined
for speeds from 30 to 60 miles per hour. The surfaces
for a series of tests of frictional resistance, with their
supporting gear, are completed, and the surfaces for
another series nearly ready for investigation.

Specific tests for Government agencies.—A number of
investigations specifically requested by the Bureau of
Aeronautics have been conducted. An investigation
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of methods for the control of spray was made on a
model of a Navy flying boat. It was found that the
addition of spray strips gave some improvement, but
in this particular case not as much as was desired.

At the request of the Army Air Corps, extensive
tests were made of models of the hull of an amphibian
flying boat to obtain information as to the water per-
formance of the craft with various modifications.

BUREAU OF STANDARDS

Winp-TunneL INvEsTIGATIONS.—The aerodynamic
activities of the Bureau of Standards have been con-
ducted in cooperation with the National Advisory
Committee for Aeronautics.

Apparatus for measuring turbulence.—Because of
the considerable weight and bulk of the present equip-

ment for making turbulence measurements the possi- '

bilities of developing a light and easily portable type
of instrument are being investigated. The problem is
being attacked by two principal methods: first, by
simplification of the present hot-wire type of appara-
tus by eliminating the batteries, and, second, by the
direct measurement of forces on bodies such as spheres
and cylinders.

Computation of boundary-layer flow.—A comparison
has been made of the boundary-layer flow computed
by the approximate method developed by Pohlhausen
with the more exact solutions which have been pub-
lished for several special cases. Approximate methods
of the type suggested by Pohlhausen are useful in
giving a picture of the flow in many cases, but their
range of application is limited. A modification of
Pohlhausen’s method has been developed which ex-
tends the range of application and a comparison of the
flow computed by this method with that of more
exact solutions shows that the range of application has
been increased at the expense of some decrease in the
accuracy of the approximation. A paper describing
the methods used in the computations has been
prepared.

Cup anemometers.—An investigation of the effects
of turbulence on the speed indications given by the
ordinary hemispherical cup anemometer has been
completed. When disturbances in the air stream were
produced by a turbulence screen consisting of a wire
net on which were loosely fastened small metal tags,
the normal rate of the anemometer was found to be
considerably increased. A systematic investigation
has been made of the effects of roughening the outer
surfaces of the cups.

ArroNAUTIC INSTRUMENT INVESTIGATIONS.—The
work on aeronautic instruments was conducted in
cooperation with the National Advisory Committee
for Aeronautics and the Bureau of Aeronautics of the
Navy Department and included the investigations and
the instrument development outlined below.
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Temperature coefficient of elastic moduli.—The re-
sults of this investigation were published in the
Bureau of Standards Journal of Research (R.P. 531)
in March 1933.

Lubricants for instrument mechanisms.—The essen-
tial requirements of a lubricant for aircraft instruments
include long life and operation at low temperatures.
Mineral oils spread and therefore do not have a long
life in the bearing. On the other hand, animal or
vegetable oils do not spread but gum more or less
slowly. An investigation was initiated to determine
the characteristics of the oils available, including those
with antioxidants, with a view to the preparation of
specifications based on the performance of the best
lubricant. Tests are being made on samples of about
40 oils. In addition to the customary tests given
lubricants, each sample is being given two tests, the
results of which it is hoped to correlate: (a) An accel-
erated oxidation test, and (b) a life test. The appara-
tus for the life test consists of a bank of 50 watch
balance wheels, 3 or 4 of which are lubricated
with the same oil, which are kept in oscillation by a
suitable electromechanical device. The condition of
the lubricant in each balance wheel is checked from
time to time by measuring and comparing the time
for the amplitude of the freely oscillating balance
wheel to decrease from a given initial to final value.

Reports on aircraft instruments.—A report on aircraft
power plant instruments, including descriptions of,
and performance data on, tachometers, thermometers,
pressure gauges, fuel-quantity gauges, and fuel-flow
indicators was completed and will be published as
Technical Report No. 466. Consideraple progress has
been made on two reports similar in scope on blind-
flying instruments and on altitude instruments.

New instruments.—A number of new instruments
were developed and constructed. These developments
include the following:

A superheat meter of the resistance type has been
completed and installed in the metal-clad airship
ZMQC-2. With this type a marked reduction in weight
is obtained and a more rugged indicator can be used
as compared with the thermocouple type.

An alarm which operates when the indication of
carbon monoxide exceeds 0.02 percent has been
developed and added to the M.S.A. carbon monox1de
indicator.

An instrument was developed to indicate the'level
of the liquid air in the helium purifier apparatus. The
level is indicated by the differential effect in the alter-
nating currents from two external coils produced by a
float in the liquid carrying a soft iron plunger.

An air-speed meter of the commutator-condenser
type, the propeller and commutator unit of which

| are designed for mounting on an airplane strut, was

completed.
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A fundamental modification has been made in the
venturi fuel flow-meter which in the usual form has
been found to be unsatisfactory on airplanes.
instead of gasoline is used as the medium by which the
differential pressure developed by the venturi tube is
transmitted to the indicator in the cockpit. The
differential pressure developed by the venturi tube is
transmitted to two flexible elements the differential
action of which controls a valve regulating the suction
within an air chamber. This suction is transmitted
to the indicator. Several designs have been prepared
and one instrument constructed which is ready for
flight tests.

REPORT OF COMMITTEE ON POWER PLANTS
FOR AIRCRAFT
LANGLEY MEMORIAL AERONAUTICAL LABORATORY

CowmprEssioN-IaNiTION EnciNes.—The advantages
claimed for the compression-ignition engine of reduced
fuel consumption and the maintenance of power at
altitude have been substantiated by recent flight tests
of several compression-ignition aircraft engines. The
power output per cubic inch of displacement of com-
pression-ignition engines, however, is still inferior to
that of conventional aircraft engines. The results
obtained from an investigation of the performance of
compression-ignition engines with boosting have shown
that the increase in engine power with boosting is con-
siderably less than that obtained with the carburetor
engine. - The research of the Committee has indicated
that the method which holds the greatest promise for
increasing the performance of the compression-ignition
engine is to operate the engine on the two-stroke cycle.
The investigation of the factors controlling the per-
formance of a high-speed two-stroke-cycle single-
cylinder cotnpression-ignition engine has resulted in
the attainment of a power output per unit of displace-
ment which is 27 percent greater than that obtained
with present commercial aircraft engines.

Fuel spray characteristics.—The attainment of effi-
cient combustion in compression-ignition engines is
dependent upon the distribution of the fuel sprays
within the combustion chamber. Previous investiga-
tions of the Committee have shown that with fuel
injected from round-hole orifices the greater part of the
fuel is concentrated in the spray core. The effect on
fuel-spray distribution of breaking up the core of fuel
sprays has been investigated by injecting a small
quantity of air at high pressure with the fuel oil.
Spark photographs of the fuel sprays and measure-
ments of the diameters of the oil drops in the spray
showed that the use of the compressed air gave im-
proved distribution and atomization of the fuel spray.
An injection system incorporating this principle of fuel
distribution was constructed and tested on a single-
cylinder engine having a vertical-disk form of com-
bustion chamber. The engine performance with the
combined hydraulic and air injection system was not
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